level), whereas group B patients had heart rates > 134/minute. VO2 was plotted against heart rate (HR). Patients in group A had a significantly lower slope (zIHR 5 20 0.33/J1 ml V02/kg per min, P < 0.001). There was no significant difference in the slopes between groups A and C.
On exercise patients with sick sinus syndrome have a normal V02, but a reduced heart rate response as compared with age-matched normal patients. This abnormal heart rate response to the physiological stimulus of exercise may be of help in the evaluation of patients with sick sinus syndrome who do not have significant underlying heart disease.
Diseases of the sinoatrial node can present in a variety of clinical patterns including persistent bradycardia, sinus arrest, and sinoatrial node exit block (Ferrer, 1968 (Ferrer, , 1973 . In some patients, the bradycardia alternates with tachyarrhythmias, the 'bradycardia-tachycardia' syndrome (Short, 1954; Kaplan et al., 1973) . All of these patterns are known collectively as the 'sick sinus syndrome'. Previous studies of patients with the sick sinus syndrome have assessed the function of the sinus node at rest, with atrial pacing, and with isoprenaline infusion (Ferrer, 1968; Rosen et al., 1971; Mandel et al., 1972; Ferrer, 1973; Strauss et al., 1973; Mandel et al., 1975; Benditt et al., 1976) . We have studied the heart rate response to maximum exercise and found 'Supported in part by a Program Project Grant from the National Heart, Lung and Blood Institute, Bethesda, Maryland, and by a grant from the Oregon Heart Association. 2Presented in part at the Annual Scientific Sessions of the tachycardia. The clinical, electrocardiographic, and electrophysiological characteristics of group A patients are presented in Table 1 . Of the 7 patients, 5 had symptoms referable to the sick sinus syndrome, and all patients who had electrophysiological studies had a prolonged sinus node recovery time (Dhingra et al., 1973) or a prolonged secondary pause after termination ofatrial pacing (Benditt et al., 1976) . One patient had a demand pacemaker inserted one year before this study and 2 others received demand pacemakers after our examination.
One symptomatic patient improved with oral atropine and quinidine and was not given a pacemaker by his doctor. Exercise in sick sinus syndrome At least 2 hours after the morning meal, all patients were acclimatised to the treadmilltest before undergoing an incremental exercise test to his or her maximum ability. After a rest period of 2 hours, two or three 5-minute submaximal exerciselevels (less than 80% of the maximum determined level) were performed to determine heart rate (HR) and oxygen consumption (VO2) under steady-state conditions. Others have shown that the HR-V02 relation is linear over approximately 80 per cent of the plot, and that near maximal exercise the maximum heart rate is approached asymptotically (Davis, 1968) . The submaximal levels were selected to provide the linear portion of the HR-V02 relation.
During the last minute of each exercise level, the patient breathed into a low resistance valve (modified Otis-McKerrow, Warren E. Collins, Inc.) connected to a T-shaped stopcock to a 120 litre neoprene weather balloon (Warren E. Collins, Inc.). Within 20 minutes of expired air collection the balloon gas was analysed for percentage oxygen and carbon dioxide by mass spectrometer (MGA-1100 Series, Perin-Elmer Corp.) and gas volumes were measured in a Tissot spirometer. Volumes were corrected to STPD conditions and expressed as litres. Oxygen consumption and carbon dioxide production were calculated from standard formulae (Consolazio et al., 1951) and expressed as litres per minute per kilogram.
Means, standard error, and standard deviations of resting heart rate, heart rate at maximum exercise (HRmax), and V02/kg at maximum exercise (VO2max) were calculated for each group. In this study, VO2max was defined as the oxygen consumption during the last minute of the highest stage of the Bruce tests which was completed by a patient. Comparison was made between groups by the Student's t test. The slope of the HR-V02 relation was determined for each patient using the submaximal steady-state values. The slope for each patient was expressed as L heart rate/L ml V02/kg.
Group means for this slope were determined and comparison between groups was made using the Student's t test.
Results
The values of each patient are shown in Table 3 .
ELECTROCARDIOGRAPHIC ABNORMALITIES
One patient in group A (case 7) had ST-T changes which could be interpreted as a positive electrocardiographic stress test. Otherwise, all subjects had negative electrocardiographic stress tests for myocardial ischaemia. Four patients had cardiac arrhythmias at some point during the test; 3 were in group A and the fourth was in group C. The arrhythmias were transient and all occurred either in the control period before exercise or during the recovery period after exercise. One group A patient (case 4) had frequent premature atrial contractions at rest which disappeared with exercise but reappeared in the recovery period followed by atrial flutter with a ventricular rate of 150 beats/min. Another group A patient (case 2) and a group C patient (case 19) had frequent premature atrial contractions in the recovery period after exercise.
OXYGEN CONSUMPTION
The oxygen consumption at maximal exercise (VO2max) in group A patients was not significantly different from that in group B patients (Fig. 1 ).
VO2max in group C patients was significantly higher than in group B and group A patients.
All patients crossed the anaerobic threshold as determined by a respiratory exchange ratio (VCO2/V02) at maximum exercise closely approximating or greater than unity.
HEART RATE AT REST AND DURING EXERCISE Group A patients had a significantly slower heart rate at rest (54 4 beats/min) than both group B (85x4 beats/min, P < 0x001) and group C subjects (73-1 beats/min, P < 0 005). The group C subjects had a higher than expected resting heart rate. This was probably because they were anxious about their exercise performance. Their resting heart rates were usually ' 50 beats per minute. At maximal exercise, the heart rate in group A patients was still significantly lower than in group B and group C subjects (Fig. 2) . Fig. 3 shows the heart rates for each group at measured oxygen consumption equivalent to 4 mets (four times the resting V02) which is also the V02 needed to complete Stage I of the Bruce exercise procedure (1 7 mph, 10 % grade for 3 minutes). The latter V02 was calculated from the regression equations determined by Bruce for normal men (17-2 ml/kg per min) and normal women (16.2 ml/kg per min). Patients with sick sinus syndrome (group A) had a significantly lower heart rate than control (Eckberg et al., 1971) .
The circulatory system in normal man responds to exercise with increases in cardiac output in proportion to the amount of work being done (as red with an 'age-matched' control measured by oxygen consumption) (Astrand and tients with sick sinus syndrome had a Rodahl, 1970) . The response of the heart is an rate response to exercise characterised integrated effect of tachycardia, sympathetic stimuart rate at maximum exercise and a lation, and utilisation of the Frank-Starling mechif change of heart rate as the level of anism (Braunwald et al., 1976) . Tachycardia plays ased. Since the patients with sick an important role in allowing the heart to meet the ie reached the same level of oxygen demand of an increased cardiac output. In the at maximum exercise as the 'age-upright posture, the increase in cardiac output at rols, the chronotropic response to the lower levels of exercise is accomplished by increases :ercise was obviously reduced in sick in stroke volume, and in heart rate (Chapman et al., ne. Not unexpectedly, the patients 1960; Wang et al., 1960) . However, at greater work levels the increase in stroke volume levels off (or increases only slightly) and the needed increment in cardiac output is provided mainly by an increase in heart rate (Astrand et al., 1964; Epstein et al., 1967) . Near maximal exercise, the heart rate increase is slowed as the maximum heart rate is approached (Davis, 1968) . Thus, the heart rateoxygen consumption relation is linear up to near maximum oxygen consumption after which time the subject's age-related maximum heart rate is reached asymptotically. The physiological mechanisms involved in the heart rate response to exercise are complex, but for the most part are mediated through the autonomic nervous system such that exercise increases the sympathetic and decreases the parasympathetic efferent stimuli to the heart (Robinson et al., 1966) . Mechanical factors such as distention of the right atrium by increased venous return (Bainbridge reflex) may also be contributory (Folkow and Neil, 1971) . Training is associated with a lower heart rate at rest and a decreased rate of change of heart rate as exercise increases, so that at a given work load the trained subject will have a lower heart rate in comparison with his untrained counterpart (Astrand et al., 1964) . In addition, the trained subject develops myocardial hypertrophy and increased end-diastolic ventricular volume (Morganroth et al., 1975) , both of which provide the myocardial reserve that enables the trained subject to maintain a normal cardiac output in the face of bradycardia. In contrast to normal subjects, patients with impaired cardiac function have a limited ability to increase stroke volume with exercise, and in fact the stroke volume may even decrease as exercise increases (Epstein et al., 1967) . Under these circumstances the ability to increase heart rate and provide the needed increment in cardiac output is very important. Therefore, in general, patients with significant heart disease have a higher heart rate for a given work load than a normal subject. Ellestad (1975) has described an apparent exception to this point in a subgroup of patients with ischaemic heart disease who show an inappropriately low heart rate increase with exercise, a pattern he considers a poor prognostic sign. Hinkle and his colleagues (1972) found that middle-aged or older men with low mean heart rates and a low heart rate response to exercise had a higher than expected rate of sudden death. It is also known that the 'intrinsic heart rate', the heart rate after both sympathetic and parasympathetic nervous systems blockade, is lower in patients with heart disease (Jose and Taylor, 1969; Jose and Collison, 1970) . Since it is also known that the sick sinus syndrome is associated with a variety of types of heart disease, it is possible that some patients cited by Ellestad and Hinkle may have had mild forms of the sick sinus syndrome.
Clinically, patients with sick sinus syndrome are characterised by bradycardia or bradyarrhythmia caused by sinus node dysfunction which results in abnormalities of initiation or of exit ofthe pacemaker impulse. Our data show that in response to exercise the patients with sick sinus syndrome have a rate of change of heart rate (slope of the that is similar to that of younger, trained subjects. Yet, the maximum level of exercise attained by our patients with sick sinus syndrome was the same as that attained by 'age-matched' controls suggesting that the patients with sick sinus syndrome may have circulatory adaptations similar to those seen with training, that is increase in stroke volume with exercise, widening of the arteriovenous oxygen difference, or increased efficiency of distribution of cardiac output to the exercising muscles in addition to the cardiac changes previously mentioned. Ross and co-workers (1965) have shown that when the ability to vary the ventricular rate is impaired, as in atrioventricular block or during atrial pacing at a constant rate, the changes in cardiac output are modulated primarily through changes in stroke volume. A similar situation is known to exist after surgical denervation of the heart (Donald and Shepherd, 1963) . The sick sinus syndrome may be analogous to both of these examples. Stated another way, the patient with sick sinus syndrome without significant associated heart disease may be using circulatory adaptations similar to those ofthe trained state in order to maintain exercise capacity in the face of an inability to increase heart rate to an appropriate level.
CLINICAL IMPLICATIONS
In the clinical evaluation of patients with sick sinus syndrome it is important that the patient's heart rate be considered in the context of the entire clinical picture (Consolazio et al., 1951; Ferrer, 1968; Rosen et al., 1971; Ferrer, 1973; Kaplan et al., 1973) . For example, a heart rate of 75 beats/min in the face of high fever is not appropriate and should suggest the possibility of sinoatrial node disease. The abnormality could be even more subtle and the diagnosis of sick sinus syndrome may be difficult. Of the methods available to assess sinoatrial node function the most frequently used are pharmacological provocation tests with atropine and isoprenaline, and electrophysiological studies such as the sinus node recovery time (Ferrer, 1968; Rosen et al., 1971; Mandel et al., 1972; Dhingra et al., 1973; Ferrer, 1973; Kaplan et al., 1973; Strauss et al., 1973; Mandel et al., 1975) , and secondary pauses after termination of rapid atrial pacing s n k u s m xlxercise in sick sinus syndrome (Benditt et al., 1976 (Ferrer, 1973) . Erant and Shaw exercised 27 patients with 'lazy sinus syndrome' and found an 'abnormally small' increase in sinus rate (Erant and Shaw, 1971 ). Mandel et al. assessed the sinoatrial node response to treadmill exercise in 14 patients, all of whom had increases in heart rate deemed appropriate for the degree of exercise being done but which was not quantified (Mandel et al., 1972) . On the other hand, our findings show that when the treadmill exercise load is quantified by measurements of oxygen consumption the patients with sick sinus syndrome without associated underlying heart disease do not have the heart rate response of the 'age-matched' control subjects.
Since oxygen consumption determinations are cumbersome for routine clinical practice and are not readily available, we have examined our data in order to obtain a simple heart rate work load relation that might distinguish the patients with sick sinus syndrome. Bruce has quantified the oxygen consumption needed at each of the incremental levels of his exercise procedure. In the third minute of Stage I of his procedure the estimated oxygen consumption calculated from Bruce's regression equation is 16-2 ml/kg per min for normal women and 17-2 ml/kg per min for normal men (Bruce et al., 1973) .
None of our patients with sick sinus syndrome achieved a heart rate greater than 120 beats/min at these levels of measured oxygen consumption and the 95 per cent confidence upper level for patients with sick sinus syndrome was 128X5 beats/min (see Fig. 3 ). On the other hand, the 'age-matched' 'normal' subjects had higher heart rates at the same oxygen consumption. The trained subjects could not be separated from the patients with sick sinus syndrome at this low level of exercise, but the trained subjects ultimately achieved a much greater maximum oxygen consumqtion. Our data show that if a patient with suspected sick sinus syndrome who does not have significant associated heart disease reaches the end of the third minute of the first stage of the Bruce procedure and has a heart rate greater than 130 beats per minute, then it is unlikely that such a patient has sick sinus syndrome. However, the diagnostic value of these observations needs to be prospectively evaluated.
